1
Despite the enormous variation in sequences and structures of the amyloidogenic proteins, the interaction of β-sheets is central to the assembly of soluble oligomers and mature amyloid fibers.
2À7
Crystallographic studies have now revealed the fiberlike atomic structures of numerous amyloidogenic segments from fiber-forming proteins. 8 The formation of parallel or antiparallel β-sheets and the assembly of pairs of β-sheets into a steric zipper are two key steps of fiber formation. 4 Evidence has recently accumulated suggesting that, instead of amyloid fibers, soluble oligomers are the more pathogenic species in several types of protein deposition diseases.
9À11
Studied by NMR, FTIR, EPR spectroscopy, and other methods, amyloid oligomers have been found to exhibit several common biochemical and biophysical properties: (1) amyloid oligomers contain β-sheet rich structures; 2, 3, 5, 6 (2) different sizes of the oligomer species coexist in solution and contribute to the heterogeneity of the oligomer mixtures; 12 (3) as an intermediate state, most of the oligomeric species are transient; 13 (4) mediated by different protein segments, different types of oligomers can form, indicating polymorphism of amyloid oligomers, 14À17 with some of the species showing strong structural resemblance to fibers; 18 (5) oligomers formed from different amyloidogenic proteins seem to share common structural features because they are recognized by the same antibody A11; 19 (6) some of the oligomeric species show higher cytotoxicity than fibers. 20 Despite this knowledge, the dynamic, polymorphic, and noncrystalline behavior of the oligomeric species hinder structural studies at atomic resolution. Learning the structures of amyloid oligomers seems necessary for understanding their cellular toxicity and fiber formation, and for chemical interventions against amyloid disease.
Here we adopt macrocyclic peptides to explore the nature of amyloid oligomers. Because of the prevalence of β-sheets in biological processes such as proteinÀprotein interactions, protein self-association, and protein aggregation, peptidic model systems which mimic β-sheets have been established. 21À24 Nowick and co-workers recently developed macrocyclic peptides as a constrained chemical model to investigate interactions within and between β-sheets. 25À27 The macrocyclic peptide is a 42-membered ring consisting of a pentapeptide β-strand (This is the recognition strand in Figure 1 . The term "recognition" is used since it has been established that the sequence of this strand confers the ability to recognize and bind like-sequence segments in the context of larger proteins. 28 ), two δ-linked ornithines mimicking β-turns, and an antiparallel β-strand (blocking strand in Figure 1 ) composed of two amino acids and a "Hao" unit. The Hao unit mimics a tripeptide β-strand and is conformationally restricted to an extended β-sheet geometry by an aromatic group Received: January 10, 2011
ABSTRACT: Protein amyloid oligomers have been strongly linked to amyloid diseases and can be intermediates to amyloid fibers. β-Sheets have been identified in amyloid oligomers. However, because of their transient and highly polymorphic properties, the details of their self-association remain elusive. Here we explore oligomer structure using a model system: macrocyclic peptides. Key amyloidogenic sequences from Aβ and tau were incorporated into macrocycles, thereby restraining them to β-strands, but limiting the growth of the oligomers so they may crystallize and cannot fibrillate. We determined the atomic structures for four such oligomers, and all four reveal tetrameric interfaces in which β-sheet dimers pair together by highly complementary, dry interfaces, analogous to steric zippers found in fibers, suggesting a common structure for amyloid oligomers and fibers. In amyloid fibers, the axes of the paired sheets are either parallel or antiparallel, whereas the oligomeric interfaces display a variety of sheet-to-sheet pairing angles, offering a structural explanation for the heterogeneity of amyloid oligomers.
Journal of the American Chemical Society ARTICLE fused to its backbone. By forming hydrogen bonds with the recognition strand, Hao supports the β-strand conformation of the pentapeptide recognition strand. Therefore, the recognition strand is open to form edge-to-edge β-sheets with the recognition strand from a second macrocyclic peptide, whereas Hao prevents the blocking strand from further aggregation.
The 42-membered ring macrocyclic peptide mimics the β-strand conformation of polypeptides in oligomeric states. By displaying a pentapeptide sequence from the amyloidogenic polypeptide in the recognition strand, the conformation of the pentapeptide is restrained to be a β-strand, whereas the stacking of β-strands into infinite β-sheets is prevented by Hao in the blocking strand. Therefore, macrocyclic rings can freeze and homogenize the transient amyloid oligomers, and make atomic structure determination possible. Specifically, sheets would be restricted to dimers in the hydrogen bonding direction, but sheet-to-sheet interactions can expand the oligomer to tetramers.
In this work, we set out to mimic with such macrocyclic peptides the assembly and structures of amyloid oligomers associated with Alzheimer's disease. Three amyloidogenic peptides from Aβ and tau known to account for the aggregation of these proteins in amyloid assemblies were displayed on macrocycles in β-strand conformation. We determined the crystal structures of these macrocycles and analyzed their structural characteristics at an atomic level. The crystal structures show that β-sheet dimers assemble into tetramers through dry, complementary interfaces between sheets. These observations, common to all four oligomeric interfaces, suggest dry, complementary interfaces are characteristic features of amyloid oligomer assembly as they are of fiber assembly. Unlike amyloid fiber structures, we observe the sheet-to-sheet pairing geometries in tetrameric oligomers to deviate from cross-β geometry by the angles of intersection of the axes of the two β-sheets of the steric zipper motifs. These variations help to explain the diversity of previously observed amyloid oligomeric polymorphs. The resulting understanding of amyloidogenic oligomer assembly at the atomic level offers clues to the design of structure-based therapeutics. In addition, macrocyclic peptides have the potential to inhibit the growth of amyloid oligomers and fibers.
' EXPERIMENTAL SECTION 1. Crystallization. The four macrocyclic peptides were prepared as described previously. 25 The mcLVF 3. Structure Determination and Refinement. The crystal structure of mcVQIVF Br was determined to 2.0 Å resolution using phases determined from a single anomalous dispersion (SAD) data set. One bromine site was located using SHELXD, 30 and phases were calculated with SHELXE. 31 Model building was performed with Coot 32 and illustrated with PyMOL from Delano Scientific. Crystallographic refinement was performed with the program REFMAC. 33 The model was finally refined with a TLS model using REFMAC to R work = 17.9%, and R free = 20.3%. Coordinates have been deposited with PDB accession code 3Q9G.
The crystal structure of mcAIIFL was determined to 2.55 Å resolution using phases determined from a two-wavelength anomalous dispersion data set. Three zinc sites were located in space group P6 4 22 using SHELXD, and phases were calculated with SHELXE. Model building was performed with Coot and illustrated with PyMOL. Examination of side-chain packing patterns indicated the crystallographic 2-fold axes parallel and perpendicular to the 6 4 screw axis were broken, so the space group symmetry was expanded to P3 1 . Crystallographic refinement was performed with programs REFMAC and BUSTER-TNT. 34 The model was finally refined to R work = 17.6%, and R free = 22.3%. Coordinates have been deposited with PDB accession code 3Q9J.
The crystal structure of mcLVF Br FA was determined to 2.0 Å resolution using phases determined from a single-wavelength anomalous dispersion data set. Eight bromine sites were located in space group P4 3 2 1 2 using SHELXD, and phases were calculated with SHELXE. Model building was performed with Coot and illustrated with PyMOL. Crystallographic refinement was performed with program REFMAC. The model was finally refined to R work = 19.6%, and R free = 21.8%. Coordinates have been deposited with PDB accession code 3Q9I. The native mcLVFFA crystal was isomorphous with the bromo derivative. Phases were obtained by difference Fourier methods. The mode was refined with REFMAC, then Buster/TNT to R work = 20.5, R free = 22.2%. Coordinates have been deposited with PDB accession code 3Q9H.
4. Oligomer Modeling. Models of extended oligomers were built from crystal structures of the tetrameric oligomers by repeated application of 9.6 Å translations in the hydrogen-bonding direction. The models were energy minimized using conjugate gradient and simulated annealing algorithms available with the program CNS 35 with hydrogen bonding restraints. 36 ' RESULTS 1. Macrocyclic Peptide Design. The abnormal aggregation of Aβ into amyloid plaques and tau into paired helical filaments (PHFs) are the hallmarks of Alzheimer's disease and related (Table 2 ). Residues in the blocking strand (positions R6 and R7) can be varied for better folding and solubility.
Journal of the American Chemical Society ARTICLE tauopathies. 37À39 Oligomers formed by Aβ have been claimed to be the causative agents of Alzheimer's disease. 40 Even in the absence of Aβ, tau oligomers can cause memory impairment and neurodegeneration. 41 On the basis of the participation of Aβ and tau in neurodegenerative disease, key amyloidogenic segments from Aβ and tau were selected and incorporated into macrocycles for structural study.
In tau oligomerization and fibrillation, segment 306 VQI-VYK 311 located at the third microtubule-binding domain was revealed to be essential in mediating molecular assembly. 42 It has the highest predicted β-sheet potential and shows a high tendency to self-associate. 6 Proline-scanning mutations show that conformational changes in this segment from random coil to β-strand drive tau molecular assembly and aggregation. 42 Because of the importance of 306 VQIVYK 311 in tau aggregation, the pentapeptide VQIVY was incorporated into the macrocyclic peptide mcVQIVF Br ( Table 2 ). The tyrosine hydroxyl group was replaced by a bromine atom so that crystallographic phases could be obtained by anomalous scattering methods.
Solid-state NMR studies on Aβ fibers have revealed a U-shaped structure: two β-strand segments (residues 10À24 and 30À40) joined by a U-turn. 43, 44 These two segments were also observed to adopt β-strand conformations in various soluble oligomeric species and in a monomeric state stabilized by a binding partner. 2, 5, 45 An observed shift from random coil to β-strand triggers the assembly of Aβ molecules. 2 We inserted Aβ residues 17À21, LVFFA, from the first amyloidogenic segment into the recognition strand of the macrocyclic peptide mcLVFFA. In order to obtain the crystallographic phases for structure determination, we also prepared mcLVF Br FA, in which the phenylalanine at position R3 is replaced by 4-bromo-phenylalanine (F Br ). To mimic the second amyloidogenic segment, we prepared the macrocyclic peptide mcAIIFL, a derivative of Aβ residues 30À34, AIIGL, substituting Gly with Phe. This replacement improved the entire folding of the macrocycle and made it possible for crystallization and structure determination. 26 
Structures of the Monomeric Macrocyclic Peptides.
Extensive solution-phase studies on 42-membered macrocyclic peptides have indicated that the recognition strands tend to adopt a β-strand conformation in solution. 25 Here we present the first crystal structures of macrocyclic peptides in this family. Statistics for crystallographic data collection and structure refinement of macrocyclic peptides mcLVFFA, mcAIIFL, and mcVQIVF Br are listed in Table 1 . Figure 2a shows the crystal structures of the monomeric macrocycles. As designed, each macrocycle displays a pair of hydrogen-bonded β-strands locked into an antiparallel topology by two peptidomimetic δ-linked ornithine residues. Despite the diverse peptide sequences in the three macrocycles, the rmsd values for backbone atoms between any pair of the three structures do not exceed 1.3 Å (Table S2 ). The ability to accommodate a variety of sequences indicates the stability of the conserved framework ( Figure S2a) .
The designed incorporation of the Hao residue in the blocking strand also appears to be effective in promoting oligomeric β-sheet assembly while blocking run-away fiber formation. In (1) glycerol (18), zinc (8) glycerol (18), chloride (7), isopropanol (8) glycerol (5) Journal of the American Chemical Society ARTICLE all three structures, the Hao residue in the blocking strand acts as an essential building block constraining the recognition strand to an extended β-strand conformation by a network of backbone hydrogen bonds with the blocking strand's Hao, R6, and R7 residues. The constrained conformation of the recognition strand facilitates formation of an intermolecular β-sheet with other β-strand molecules at its exposed edge. However, the exposed edge of the blocking strand is prohibited from interacting with other β-strand molecules by the aromatic ring and an intramolecular hydrogen bond in the Hao residue. Indeed, hydrogen-bonded self-association of macrocycles is observed in our crystal structures only in the β-sheet formed between recognition strands containing the amyloidogenic segment. This designed feature makes the macrocycle system suitable for study of the interaction patterns of amyloidogenic segments in the context of oligomers. In addition to these designed features, an unexpected feature, a bend, was observed in the blocking strands of mcVQIVF Br , mcLVFFA, and mcAIIFL ( Figure S2b ). Because the bend is located at the same residue in each macrocycle (at the R-carbon of R6), a likely explanation is that it arises from an interruption of the natural pleat of the β-sheet by the Hao residue. The natural pleat of β-sheets arises from the 109°bond angle of sp 3 hybridized R-carbons that connect the 3.3 Å long planar peptide linkages. The R-carbon of each successive amino acid creates a pleat opposite in direction and equal in depth to the preceding amino acid (the zigzag pattern is obvious when a sheet is viewed down the hydrogen bonding direction). The alternating directions of the pleats with equal depth give the sheet an overall flat geometry. However, in the macrocycle, the pleats are not all of equal depth. The Hao residue enforces planarity over the distance of three amino acids (about 12 Å), so the depth of the pleats (distance between tetrahedral R-carbons) varies within the blocking strand: 12 Å on the N-terminal side of R6 (where the Hao moiety is located) and 3.3 Å on the C-terminal side (where the standard peptide is located). Because the pleats are of unequal depth in the blocking strand, the appearance of an overall bent topology is conferred where the natural peptide joins the Hao plane at R6 ( Figure S2b ). The bend is propagated to the recognition strand (at the R-carbon of R2) by the hydrogen bonds that link it to the blocking strand. However, the bend in the recognition strand is less pronounced than the blocking strand. The degree of curvature is well within the range observed in natural β-sheets ( Figure S2c) , especially in those with fewer strands. 46 Previous studies have revealed that macrocycle solubility and folding are influenced by the choice of residues incorporated at the R6 and R7 positions; 25 our crystal structures offer some explanation. As might be expected, macrocycle solubility improves by incorporating a charged residue such as lysine at R6 or R7, as has been done in all three macrocycles presented here (Table 2 ). In all three structures, the lysine side chain extends into bulk solvent, improving the macrocycle interaction with solvent. Less obvious is the effect of the R6 and R7 side chains on folding. The interactions between the neighboring strands are limited to backbone hydrogen bonding (Figure 2a) as is typical in conventional β-sheets. The R6 and R7 side chains of the blocking strand have no van der Waals contacts with R2 and R1 of the recognition strand. In this respect, macrocycle folding should be relatively insensitive to the specific residues at R6 or R7. The reported improvement in macrocycle folding with the incorporation of an aromatic residue at R6 compared to Leu and Ala 25 might be attributed to a van der Waals contact between the R6 aromatic ring and the nearby ornithine hairpin turn (Figure 2a mcAIIFL, R6 = Phe Br ). Such stabilization is not possible with Leu or Ala side chains because they are too short to form a contact with the ornithine turn.
3. Assembly of Dimers through β-Sheet Hydrogen-Bonding Interactions. In all three crystal structures, the macrocycles assemble into dimers via standard backbone hydrogen bonds a Column 1 gives the abbreviation used in the text. Column 2 gives the protein from which an amyloidogenic segment between the numbered positions has been selected. Columns 3À7 give the residues inserted into the framework shown in Figure 1 .
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ARTICLE between recognition β-strands, forming intermolecular β-sheets (Figure 2b ). One particular pattern of hydrogen bonding predominates: a 2-fold symmetric antiparallel arrangement of strands where the symmetry axis (marked by ellipses in Figure 2b ) is normal to the plane of the sheet. The position of the 2-fold differs among the three structures and alters the registration between recognition strands. In mcLVFFA, the 2-fold operator passes between R3 residues, whereas in mcVQIVF Br and mcAIIFL the 2-fold operator passes between R4 residues (Figure 2b ) leaving some backbone amides at the N-termini solvent exposed. In these arrangements, the intermolecular sheet has a sidedness; the side-chains displayed on the face have different identities than those on the back. An additional parallel, out-of-register sheet is observed in the mcLVFFA crystal structure ( Figure 2b) ; the topology of the macrocyclic framework precludes homodimeric parallel in-register sheets.
47
Other types of intermolecular hydrogen-bonded arrangements are possible, but not observed. For example, one can imagine a different type of antiparallel arrangement in which the face and back of the sheets are related by 2-fold symmetry. The particular hydrogen-bonding geometry adopted by a pair of macrocycles is specified by the sequence of the recognition strand (the amyloidogenic insert). That is, the identity of side chains that come in contact across the dimer interface, their complementarity in shape and physical properties, depends on the geometry of the dimer. Side-chain packing interactions are also observed between pairs of dimers as described below, and likely play a role in specifying hydrogen-bonding geometry.
Lastly, it should be noted that there are some hydrogenbonded arrangements which are common among globular and fibrillar proteins, but cannot be formed by macrocycle homodimers. These include parallel in-register dimers and some antiparallel pairing arrangements. Whereas the recognition strand has two nonequivalent hydrogen bonding edges, only one edge is available to form the dimer interface (formed by backbone N and O of R2 and R4); the other edge is hydrogenbonded to the blocking strand (formed by backbone N and O of R1, R3, and R5). Hydrogen bonding with the blocking strand prohibits the two edges from interchanging. Thus, antiparallel sheet formation is limited to dimer interfaces involving backbone atoms of even numbered residues.
Assembly of Tetramers through Complementary SideChain Interactions.
In all three macrocycles studied here, dimers assemble into tetramers through the interdigitation of side-chains protruding from the surfaces of the dimeric β-sheets (Figure 2c) . The different tetrameric interfaces formed by the three macrocycles in crystal structures are listed in Table S3 . Four of these interfaces (including two in the mcLVFFA crystal) are large, burying surface areas ranging from 894 to 1089 Å 2 (Table  S1) , and mainly formed by inserted amyloidogenic segments. Their shape complementarities (0.60À0.77; Table S1 ) are comparable to those observed in steric zippers (0.57À0.92) 4 ( Figure S3 ) and typical oligomeric interfaces between globular proteins (from 0.70 to 0.74). 48 The side-chains in all four interfaces are mainly hydrophobic (both aromatic and aliphatic), exclude water, and create a stable nucleation site in the tetramer. The majority of these dry interfaces are packed face-to-face (approximate D 2 symmetry), using side-chains from positions R1, R3, and R5. For example, the nucleation site of mcVQIVF Br is formed mainly by πÀπ stacking between two pairs of Tyr side chains at the R5 positions (Figure 3a) and is supported by hydrophobic contacts between pairs of Ile side chains at position R3. In mcAIIFL, the hydrophobic nucleation site is formed by alanine, isoleucine, and leucine side-chains at positions R1, R3, and R5 (Figure 3b) . Note that the lack of participation of R4 in this tetramer interface alleviates concern about the biological relevance raised by the mutation of R4 from Gly in Aβ 30À34 to Phe. In mcLVFFA there are two types of interfaces. In the first, the hydrophobic nucleation site is formed by leucine, phenylalanine, and alanine side chains at positions R1, R3, and R5 (Figure 3c) . However, the second interface lacks symmetry (an interface between a parallel and an antiparallel dimer), so different strands contribute different side-chains (Figure 3d) . Three of the strands contribute side-chains at positions R2 and R4, while one of the strands from the parallel sheet contributes side-chains at positions R1, R3, and R5. Although residues in the blocking strand also have some contribution to the dry interface, the majority of the interface derives from the amyloidogenic insert in the recognition strand (Table S1 ). The predominant role played by the amyloidogenic insert suggests that the dry interfaces observed here present a very likely possibility for amyloidogenic oligomer assembly at the atomic level and may even be representative of the oligomeric packing patterns in solution. Furthermore, the tight oligomeric packing of these inserts illustrates that these segments have a strong intrinsic tendency of self-association, which is in agreement with previous studies. 5, 42, 45 Another key feature of the oligomeric interface is the variety of β-sheet-to-β-sheet packing geometries observed. In all four interfaces, the pairs of sheets interact through their flat surfaces (Figure 3) . The recognition strands of the monomers can assemble as antiparallel (mcLVFFA, mcAIIFL, and mcVQIVF Br ) or parallel (mcLVFFA) (Figure 2b ). Variations in dimer interfaces lead to variations in tetramer interfaces; interfaces were observed between pairs of antiparallel sheets (mcLVFFA interface 1, mcAIIFL, and mcVQIVF Br ) and between a parallel and antiparallel sheet (mcLVFFA interface 2). Further variations in Journal of the American Chemical Society ARTICLE tetramer interfaces involve differences in orientation between the faces of opposed β-sheets ( Figure 2c) ; the crossing angle between β-strands of opposing sheets can be orthogonal (mcVQIVF Br ), antiparallel (mcAIIFL and mcLVFFA interface 1), or somewhere inbetween (mcLVFFA interface 2) (Table S1; Figure 2d ).
Structural Features That Distinguish
Amyloid-like Oligomers from Fibers. A close structural relationship exists between our tetrameric amyloid-like oligomers and fibers. The formation of a dry, highly complementary interface between pairs of β-sheets is not only a characteristic feature of these amyloid oligomers, but of amyloid fibers as well. Recently, numerous crystal structures have been reported for various amyloidogenic peptides in the fibrillar form. 4, 49 The steric zipper motif was observed in all these fiber structures. A typical steric zipper is formed by a pair of interdigitated β-sheets with no water in the interface. Figure 4 compares various amyloidogenic segments in oligomeric and fibrillar states. The structures in both states share two features: (1) architecture (the segments form β-strands, β-strands stack to β-sheets, and β-sheets pair with one another via side chains); (2) dry interface (the interactions between β-sheet layers are all dry interfaces with high shape complementarity). The area buried and shape complementarity have similar values for both oligomeric and fibrillar structures ( Figure S3 ; Table S4 ). These two shared characteristics suggest that both oligomerization and fibrillation are driven by the formation of highly complementary, dry interfaces. The common observation of dry, complementary interfaces in both oligomers and fibers demonstrates the structural similarity of the two states, which is indicated also by NMR and FTIR spectrometry and conformation-dependent antibodies. 3, 14, 16, 18 The primary structural difference between our macrocyclic oligomers and peptide fibers appears to be an additional degree of freedom in sheet-to-sheet packing observed in the oligomers. In the fibrillar state, the strands in opposing sheets are constrained to either parallel or antiparallel orientations (definition of cross-β architecture). 4 However, in the oligomeric state, the orientation between opposing β-sheets ranges from orthogonal to parallel (Figure 2c,d) . Notably, the orientations between strands of opposing sheets observed in mcVQIVY (90°) and mcLVFFA (30°) are similar to values commonly reported for β-sandwiches in small globular proteins and first noted in the earlier years of protein crystallography. 50, 51 Orientations of 0°or 180°( as in mcAIIFL and amyloid fibers) were not observed until structures with significantly larger sheets, such as GNNQQNY 8 and β-helix proteins, 52 were revealed. Indeed, it seems likely that the greater geometric constraints imposed in the fibers compared to oligomers arise from the larger number of molecules in each β-sheet; there might be thousands of β-strands in a sheet within a fiber, but only a few dozen in an oligomer. Consequently, there are additional degrees of freedom in the side-chain rotamers of oligomers compared to fibers. The additional degrees of freedom can accommodate additional (non-cross-β) sheet-to-sheet packing geometries. In short, the most pronounced difference in the geometries of some of these amyloid oligomers from amyloid fibers is the deviation of the axes of the interacting sheets of the oligomers from 0°or 180°.
' DISCUSSION
A variety of morphologies have been described for amyloidogenic oligomers. Considering Aβ alone, nine types of oligomers have been identified including prefibrillar oligomers, fibrillar oligomers, annular protofibers, and others. 2, 12, 15, 16, 18 Molecular weights of these oligomers range from 10 kDa dimers to 700 kDa amylospheroids. Models proposed for these β-rich solution oligomers can be roughly divided into two groups depending on the way the β-sheets self-assemble. In one group, the β-sheets wrap around to form a topologically closed cylinder or β-barrel so that all main chain hydrogen bond donors and acceptors of the β-strands are satisfied. Models of β-barrels include an antiparallel single β-sheet cylinder 3 and a parallel double layer β-barrel. 53 In the other group the β-sheets are open, leaving exposed main chain hydrogen bond donors and acceptors on the β-sheet edges. Models of open sheet oligomers include one constructed from a U-shaped building block, 54 and one constructed from a β-hairpin building block. 45, 55, 56 Our atomic oligomer models more closely resemble the second group: open sheet oligomers. Indeed, a cylindrical topology is prohibited by the blocking strand used in the macrocyclic design. We propose that the tetrameric oligomers of the type described here could exist in solution in the absence of the blocking strand. Since these tetramers are smaller than most reported oligomers of Aβ, it is tempting to speculate that the tetramers could be building blocks for larger molecular weight oligomers. In the absence of a blocking strand, expansion of the oligomer size is most likely to occur through addition of β-strands at the exposed edges of the β-sheets. Growth of the oligomer is likely to stop more quickly if the crossing angle between the two sheets is large, since the addition of strands would not increase the size of the dry interface, and the growing single sheets would be solvent exposed and labile. However, if the axes of the two sheets are nearly parallel, that is, closer to cross-β geometry, the addition of each strand would proportionally increase the area of the dry interface, providing the driving force that could lead to the formation of amyloid fibers ( Figure 5 ).
The particular sheet-to-sheet packing adopted by an oligomer may distinguish it as being either on-pathway or off-pathway to Figure 4 . Comparison of the packing of amyloidogenic segments in oligomeric states (this paper) and in fibrillar states (PDB codes: 2ON9, 3FQP, 2OMQ, 3FVA). In the structures of both oligomeric states and fibrillar states, water molecules are entirely excluded from the interfaces. Amyloidogenic segments are assembled through a highly complementary, dry interface between pairs of β-sheets. The difference in packing between these two states is that in the oligomeric state, the orientation between opposing β-sheets ranges from orthogonal to parallel, whereas in the fibrillar state, the strands are constrained to either parallel or antiparallel orientations (cross-β). Water is shown in cyan spheres, and zinc is in green cyan spheres. For AIIGL from Aβ, Gly is replaced with Phe in the macrocycle. Phe adopts two conformations in the crystal structure and does not contribute to the tetramer packing.
Journal of the American Chemical Society ARTICLE fiber formation. Only the oligomeric species with approximate cross-β geometry can further associate into higher oligomers and eventually form fibers. Other oligomers may be trapped in various off-pathway oligomeric species ( Figure 5 ). Some of these oligomers are toxic with characteristically high β-sheet content. 2,10,14À16,18 One might imagine that if cell toxicity requires the β-sheet aggregate to have a particular structure, an oligomer might be able to achieve that structure more readily than a fiber, because oligomers can sample more conformations than fibers. This might explain the phenomenon that some amyloid oligomeric species are pathogenic or more toxic than the fibers.
Our structures help to explain the great polymorphism of amyloid oligomers. The observed variation in oligomeric geometry among the three macrocycles presumably arises from differences in the sequence of the amyloidogenic insert, but also polymorphic variations occur within the same crystal (compare mcLVFFA interfaces 1 and 2, Figure 3c,d) . The polymorphism observed with the mcLVFFA crystal suggests that polymorphism observed in Aβ and other amyloid oligomers may result in part from analogous differences in hydrogen bonding patterns and sheet-to-sheet packing geometries. Furthermore, many amyloidogenic proteins have more than one amyloidogenic segment and may encounter different environments during molecular assembly. 49 The local environment may influence the type of interface formed during self-assembly. Thus, under different conditions, different segments, or different residues in the same segment may be involved in different types of oligomer formation. Therefore, the number of different potential interactions may account for one of the most distinct features of amyloid oligomers: polymorphism. Despite the diversity of oligomer assembly, our crystal structures also show that soluble proteins with entirely different sequences fold into the β-sheet-rich structures with the common dry steric complementary interfaces. Polyphenols and small aromatic peptides such as (À)-epigallocatechin gallate (EGCG) and resveratrol which were shown to disrupt the amyloid oligomers and fibers formed by different proteins 57À60 may target the dry interface. By disrupting the dry interface, polyphenols may dissolve amyloid oligomers, incorporate into the amyloidogenic polypeptides, and form off-pathway oligomers with diminished cytotoxicity and reduced strand content. 58, 59 This suggests that compounds which can disrupt the dry interface of the amyloid oligomers could be potential drug candidates for broad-spectrum therapeutic treatments against amyloidogenic diseases.
In addition to facilitating structural research on amyloid oligomers, macrocycles with amyloidogenic segments inserted are potential inhibitors against amyloid oligomerization and fibrillation, as summarized in Figure 6 . The amyloidogenic proteins are Figure 5 . Models of extended amyloid-like oligomers (right column), extrapolated from crystallographic tetramers (left column). Extended oligomers were modeled by continuing the hydrogen-bonding pattern in the tetramer with the addition of β-strands at the exposed edges of the tetramer until a 20mer is achieved (middle column). Side-chains are shown for those residues that face the opposing sheet. The side-chain atoms are colored red if they are solvent exposed and blue if they are buried by the opposing sheet. The maximum stable size of the oligomer was estimated by removing those strands in which over 50% of the sidechain atoms are exposed (right column). Figure 6 . Schematic diagram of macrocyclic peptides mimicking amyloidogenic protein self-association. Amyloid proteins are shown in light blue with amyloidogenic segments in pink. Mediated by amyloidogenic segments, an amyloidogenic protein forms transient and highly polymorphic oligomers, protofilaments, and eventually mature fibers. By displaying the amyloidogenic peptides in the recognition strand of a macrocycle as a β-strand, the conformation of the peptides during self-assembly is mimicked. The Hao residue in the macrocyclic ring blocks the infinite molecular assembly and captures a single oligomeric state for X-ray crystallographic studies. The structures of the macrocycles reflect one very likely possibility for amyloid oligomer assembly. By mixing a macrocycle with an amyloidogenic protein, the β-strand mimics can interact with the same segment in the native protein. The Hao residue as a blocker may stop oligomers from further association into fibers and also cap protofilaments from elongation and maturation by binding at the growing edge of the sheets.
Journal of the American Chemical Society ARTICLE intrinsically disordered. They expose their amyloidogenic segments, which can self-associate into self-complementary complexes. The initial aggregation process leads to the formation of oligomeric intermediates. By mimicking the conformation of the amyloid oligomeric state, the macrocycle with the same amyloidogenic segment inserted could interact with the exposed segment of the protein. With Hao molecules preventing further assembly, the macrocycle molecules trap the amyloidogenic protein in a low molecular weight oligomer. Furthermore, the β-sheet conformation of the amyloidogenic segments of the macrocycles is compatible with the conformation of β-strands in steric zipper structures ( Figure S4 ). The macrocycle could bind stably to the growing end of the protofilament and prevent additional molecules from binding and elongating the fibers. Indeed, the macrocycle which contains VQIVY in the recognition strand shows strong inhibition of AcPHF6 fibrillation. 
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